Background. Loading of the compromised periodontium with orthodontic forces produces different results than those achieved in patients with healthy periodontal support. Determining the force value at a level preventing further deterioration of the patient's periodontal status, thus delivering the most precisely individualized "dose" of loading, seems to be crucial for the successful intrusion of teeth with reduced periodontal support.
Introduction
It is assumed that the development of bone defects and attachment loss caused by periodontal disease leads, in 30-50% of patients, to extrusion and proclination of the maxillary incisors, which is also called pathologic tooth migration. 1 Flared maxillary front teeth significantly handicap smile aesthetics and chewing function, therefore they require loading with orthodontic intrusive forces, provided the periodontal disease is stabilized and controlled. In the era of intensive development of multidisciplinary treatment approaches, the application of orthodontic intrusion seems to be beneficial in such cases, provided that the periodontium condition is stabilized. However, despite original studies and quite numerous case reports present in the current literature, intrusion of periodontally compromised teeth remains a controversial movement. [2] [3] [4] [5] The intrusive movement is subjected to a large risk of failure, predominantly apical root resorption and reduction of the alveolar bone height. 6, 7 The occurrence and range of these failures depend on many issues, but periodontal status as well as force magnitude and direction are the major factors. Loading of the compromised periodontium with orthodontic forces produces different results than those achieved in patients with healthy periodontal support. Determining the force value at a level preventing further deterioration of the patient's periodontal status, thus delivering the most precisely individualized "dose" of loading, seems to be crucial for the successful intrusion of teeth with reduced periodontal support. However, such a protocol demands certain measurements, impossible to be taken in vivo, but requiring in vitro studies and laboratory or numerical techniques, not as yet discussed in the literature.
The aim of the study was to determine the range of force values efficiently intruding maxillary incisors without further compromising the initially-impaired periodontal status. Finite element analysis (FEA) of a model with reduced periodontium, allowing estimation of the stress and strain distribution, was the method of choice.
Material and methods
The CT scans of a periodontally-compromised patient were segmented using InVesalius software (Fig. 1 ) in order to create a geometric model of the maxilla. This model -based on NURBS (Non-Uniform Rational B-Spline) surfaces -was subsequently adjusted to the CT scans in order to obtain both smooth and natural curvatures of each model segment. All relevant tissues were modeled as separate volumes -cortical bone, spongeous bone, periodontal ligaments (PDL), dentin, enamel and pulp (Fig. 2 ). The geometric model was discretized in order to create a numerical model for applying Ansys software (v. 15.07) and using APDL (ANSYS Parametric Design Language). The PDL layers of average thickness 0.1 mm were meshed using hexagonal finite elements, whereas the other tissues like bone (spongeous bone and cortical plates) and teeth (enamel and dentin) were meshed using tetragonal finite elements.
The literature review together with our personal experience made it possible to select the most suitable mechanical properties of particular tissues. [8] [9] [10] [11] The values displaying the mechanical properties of these tissues are shown in Table 1 . As per PDL -considered as a structure displaying strongly nonlinear stress and strain distribution -a hyper-elastic Noe-Hookean material model was proposed. The model was calculated using non-linear elastic PDL properties (Fig. 3) . The nominal stress level corresponding to the applied load was below 0.01 MPa, so the region on the strain-stress response of the PDL material was nearly linear, which is shown in Fig. 4 . 
Results
The resulting data indisputably proved that a mechanical load, produced by an orthodontic fixed appliance, changes the mechanical properties of the bone tissues. The intrusive orthodontic force changes the stress-strain distribution ( Fig. 4 and 5) . The simulation, performed iteratively, showed that even the lowest force value, 0.1 N, causes stress and strain changes in the alveolus and on the root surfaces, with a tendency of stress increasing towards the bottom of the alveolus and root apex. It is also notable that during the application of forces of equal magnitude, the stress/strain distribution was significantly higher around tooth 21, which displayed the highest range of PDL reduction. The periodontal ligaments supporting teeth 11 and 21 were weakened, however the bone defect adjacent to tooth 21 was more pronounced, hence application of the same force level created a higher stress-strain response around tooth 21, of the less homogenous characteristics (Fig. 6 ).
Discussion
Intrusive movement is laden with a high risk of multiple failures, e.g. root resorption, alveolar bone resorption or pulpal necrosis. 7 Many aspects may contribute to the occurrence of such failures -general factors, e.g. genetic and systematic disorders or gender, as well as local factors terms of movement of periodontally-compromised teeth. A similar stress and strain distribution was demonstrated by Rudolph et al. and Vikram et al., but they demonstrated the results achieved by forces whose values were more than twice as high and on healthy periodontium. 29, 30 During orthodontic intrusion, the stress concentration occurs on a very small surface present on the alveolus bottom and the root apex. That is why it is so crucial to apply the lowest yet still effective forces. The vast majority of studies which evaluate intrusion analyze relatively higher force values acting on healthy periodontium.
Our study proved that there is a relationship between stress and strain distribution and PDL surface. The more extensive the bone defect is, the smaller the PDL surface is loaded with the same force magnitude. This is crucial in periodontally-compromised patients, in which the bone defect ranges vary between individual teeth. During treatment with fixed appliances, it is important to remember that the planned treatment biomechanics should be adjusted to the tooth with the largest bone defect; this tooth is the weakest link and thus the most susceptible to failure.
Conclusions
The bone tissue reaction to load induced by fixed orthodontic appliances and transformed by the tooth is building new internal structures, changed in terms of both their density and mechanical properties. During orthodontic treatment, the forces acting on bone tissue result in both bone formation and bone resorption. As shown in our article, the developed procedure makes possible the adequate planning of orthodontic treatment to obtain bone creation processes significantly prevailing bone resorption, which is crucial in periodontally-compromised patients. Indeed the method is based upon numerical modeling and simulation but, thanks to CT scans, the model obtained is individualized. The data obtained in such a manner allows the conclusion that a force value of 0.1 N applied in vivo might produce the most effective tooth intrusion and bone remodeling which favors bone defect regeneration. such as orthodontic force direction, its magnitude and the duration of loading. [12] [13] [14] Since these failures may be of iatrogenic origin, minimizing the risk of their occurrence should be of major concern to clinicians.
Moreover, intrusion of maxillary incisors that have migrated pathologically due to periodontitis is still controversial. 15 Case reports available in the literature and a limited number of original studies show the positive influence of intrusion on periodontal tissues. 2, 3, 5, 16, 17 Regardless of the direction of the tooth movement, evaluation of the periodontium remodeling influenced by orthodontic forces is impossible in vivo, which is why all of the results reported in the literature follow in vitro studies. Reviewing the literature reveals many measurement methods, e.g. the photo-elastic technique, laser holography and optomechanical set-up. [18] [19] [20] However, each of these methods has some limitations; the finite element method (FEM) seems to be the most suitable, especially in a new millennium: the era of intensive development of different digital analysis techniques.
Since the highest resemblance of in vivo conditions in the generated model is of the utmost importance, we used CT scans of a patient to create a fully individualized FEM model of both structures, the jaw bones and teeth. In the literature, one may find papers reporting manual modeling of the particular elements, especially the teeth. 21, 22 However, the root shape is a very individual and unique feature and determines tooth behavior during intrusion, which was supported by studies of Levander and Malmgen. 23 That is why individualization achieved due to using the patient's own model seems to be the most suitable. 24 Moreover, in the present study, during modeling of the bony tissues, the cortical and spongeous bone were distinguished, as well as the dental structures: enamel, dentine and pulp. Even small differences in the anatomical changes affect the behavior of the studied parameters. Therefore it is important to customize the model. 25 Since the PDL were a particular structure, they were given elastic and nonlinear features. It has been proven that bone remodeling is strongly related to PDL characteristics. 26, 27 Alveolar bone remodeling influenced by orthodontic forces differs from remodeling influenced by external loads with forces on the other bones. Orthopedic surgeons believe that mechanical forces causing compression stimulate bone formation and tension stimulates resorption, which is contrary to orthodontic bone remodeling. 28 It is assumed that indeed PDL is this unique tissue responsible for different alveolar bone response.
In our study, we began the analysis of the effects produced by the forces at a low level: 0.1 N. We observed that this minimum force already produces stress and strain within the periodontium and on the dental root surface. The predominant stress concentration was found in the alveolus bottom, although discreet changes occurred along the whole alveolus surface. This allows us to conclude that a force of level 0.1 N is already effective in
